T h e explosive developm ent of genetics and molecular biology that we are now witnessing had its origin, some 40 years ago, in the introduction into genetic research of m icroorganisms. Com pared with the higher animals and plants which had been used previously-, maize, mice, etc.-microorganisms had m any technical advantages, and as everyone knows, since then genetics has advanced prodigiously. M oreover, in spite of the extraordinary complexity of m odern molecular biology, one thing stands out: basically the same genetic principles apply to the whole range of living things, from viruses to man. Everywhere the nuclear elements -ultimately D N A -play an overwhelmingly im portant role.
scientific public. Nevertheless it m ust be admitted that these findings have contributed very little to the established corpus of genetic theory, as it is understood today. M any of the results were rather peculiar. M any were concerned with extra-nuclear genetic factors, some of which involved D N A , while others did not. One may even get the impression that Paramecium is fundamentally different from other organisms, and certainly it is true that ciliates do have some unusual features (e.g. nuclear dimorphism); but it is hard to believe that they have evolved along totally different lines from the rest of the living world.
So, in considering the genetics of , which is almost exclusively the work of Sonneborn and his closely associated co-workers, we need to examine the question of whether the unorthodox results which have been obtained are due to the unusual nature of the organism, or alternatively to the special interests of those who have engaged in the work. W hatever the answers to this question may be, it is also of great interest to consider whether these unorthodox results may point the way to new directions of research with other organisms, and to the discovery of fundamentally new biological principles.
I have written this m em oir of T. M. Sonneborn in the light of these reflections.
E arly years
Tracy M orton Sonneborn was born on 19 October 1905 in Baltimore, M aryland. T here he grew up, attended school and university, and did his first research and teaching. His parents Lee and Daisy ( Bamberger) had no connections with the scientific world in which 1 racy dis tinguished himself so outstandingly, yet it is clear that his family exercised a strong influence over his development, encouraging him in intellectual and artistic pursuits, and instilling in him certain moral and humanistic qualities.
Among his ancestors, Tracy mentions, in his autobiographical rem i niscences (A), his grandfather Joseph Sonneborn (1836 Sonneborn ( -1931 , who was born in Hesse-D arm stadt (Germany) and came to America aged 17 to avoid conscription in the Germ an army, and to seek adventure. He became a migrant pedlar travelling down the Ohio and Mississippi rivers, and set up a clothing store in Wheeling, W. Virginia, where 1 racy s father, Lee, was born in 1872. T he latter likewise established a clothing store, in Charlestown, W. Virginia, but moved to Baltimore shortly before Tracy was born, and there engaged in various business under takings. Baltimore was T racy's m other's birthplace, and many of his relatives lived there. Lee and Daisy had two sons: David, who was born in 1898 and at first studied engineering, but spent his life in business, and Tracy, born in 1905. Actually Tracy was originally named M orton Tracy, but he did not like the conjunction of the initials 'M. T . ', so he reversed the order of his forenames.
T racy refers to his parents in the following words. 'M y father had an exalted idea of education. He im planted in me the desire to obtain the education which had been denied to him. Education m eant learning and understanding, not training to make a living. From him I imbibed that point of view as natural and unquestionable .... On my m other's side of the family there was an even stronger tradition of scholarship, though mainly limited to religious scholarship-knowledge of the Old T esta m ent, the H ebrew Com m entaries on it, and the corresponding theology and ethic. ' (A) O ther m em bers of the family also had their influence. He wrote: 'W hen I was five I was fascinated by the immense volumes of the 11th edition of the Encyclopaedia Britannica, which my almost totally blind uncle, Jacob
Bam berger, had bought, and m any years later gave to me. I was in his hom e when they arrived and can see myself on the floor with a volume in front of me, and looking at it without com prehension, but with an almost religious awe. ' T racy also records that he was very proud of his relationship with his cousin Louis Bamberger, 'a modest, gentle, unassum ing man, totally unlike the comm only accepted conception of a successful business m an '. Louis had made a great fortune in the departm ent store business, and founded the Institute for Advanced Studies at Princeton. Louis's sister Lavinia early nourished T ra cy 's interest in art, and later took him to sym phony concerts. A nother cousin in Baltimore, Sidney Nyberg, was a lawyer but also a literary man, an author of a book of short stories and several novels, all about Baltimore in the nineteenth century.
After his periods of interest in art and music, which did not last long, T racy developed a m ore sustained interest in literature. He confided his literary ambitions to his cousin Sidney, and sought the latter's advice. Sidney's formula was simple: 'W rite something every day'. So Tracy did. He began a sort of diary and adhered strictly to this regime of writing every day through most of his fifteenth year. Tracy reports that as a boy his physique and health were weak and sickly. He lived in books and thoughts, not in action and minimally in play, except mental play such as checkers [draughts] and chess. At the age of 15, he developed a very active interest in religion, and he even seriously entertained the idea of becoming a rabbi.
He writes about this (A): 'M y interest in cosmology, philosophy and religion had led me to begin to prepare myself for the M inistry . . . but within a year I began to revolt against prayers of supplication as inconsistent with my conception of an omniscient and just God, -and in a short time I went from absolute faith to questioning, to agnosticism and finally to atheism '.
For 3 or 4 years thereafter his inability to adapt to this frustration resulted in emotional depression. His diary came to an abrupt end and he sank into deep pessimism and hopelessness which he had no desire to put into writing. He never returned to a belief in religion. However, in later life his enthusiastic propagation of scientific arguments, some quite unpopular among his colleagues, gave a hint of the missionary zeal which he might have applied to religion, had his career gone that way.
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Biographical Memoirs S c h o o l in g , After primary school, Tracy received his education at two schools in Baltimore. T h e first was Baltimore Polytechnic Institute, an engineering preparatory High School, which he attended for 2 years, in emulation of his older brother who was then heading for engineering. However, T racy's interests were more humanistic than mechanical and his last two high school years were spent at the Baltimore City College, where the emphasis was on a liberal education. Tracy recalled that teachers at both schools reinforced what was already a strong, even insatiable desire to learn all that literature had to teach him.
D uring adolescence, T racy's interest in intellectual matters was broadly comprehensive, but aside from introspection and observations of people, his curiosity sought its satisfaction mainly in books, much less in Natural History. Science as taught in High School did not excite him at all. From his reading he did not realize that science was a continuing process. It seemed that it was all there in books, finished and to be learned. His interests were in philosophy and literature and he was intent on majoring in English Literature at College. In 1922 Tracy enrolled as an undergraduate student at Johns Hopkins, one of the most prestigious American universities, especially for science. Although he originally planned to study literature, after entering U n i versity he took a sudden decision to change to Zoology, as a result ol the influence of a teacher, E. A. Andrews, whose Introductory Biology course Tracy took in 1922-23 to satisfy a university requirem ent for a science course. He later described this change as due to the 'first and foremost accidental encounter' in his life. T he laboratory manual written by Andrews contained minimal!,directions. It was mainly a book ol questions to be attacked by observations and experiment. Andrews 'excited, inspired and appreciated' Tracy. 1 hough near to retirement, Andrews would sit on T racy's desk and talk to him as if they were contemporaries. Some years later, when Tracy was himself a Faculty m em ber in the same Departm ent, he learnt from others that his class work had been en thusiastically praised by Andrews.
Jo h n s H o p k in s U n iv e r s it y ,
Fifty-two years later he recalled something that Andrews had once said: 'T he current excitement about chromosomes and genes is a tem porary fashion that will pass in tim e'. Tracy remarked: 'T h e fact that I 've never forgotten that com m ent may mean that it had m ore impact on me than I ever suspected until this m inute'. (A)
As a result of making the change from English to zoology while an undergraduate at Johns Hopkins, Tracy was brought into contact with one of the foremost American biologists of the tim e-H. S. Jennings (1868 Jennings ( -1937 . Jennings had built up his career from hum ble origins, and was prim arily interested in genetics, especially of various lower animal groups, including the protozoa. He was also one of the first to attem pt to make basic mathematical contributions to population genetic theory, antedating Fischer, W right and Haldane. Finally he was greatly interes ted in the bearing of genetics and biology on hum an affairs. It was due to Jennings that Johns Hopkins was among the relatively few' universities in which genetics was appreciated at that time.
T racy took Jennings's three courses at Johns Hopkins, on Develop ment, General Genetics and Genetics of the Protozoa; and after graduat ing in 1926, decided to ask to be accepted as a graduate student. About this, he wrote: 'M y awe of Jennings was so great that several times my hand went limp when I went to knock on his door to pop the question' (A). Eventually he plucked up the necessary courage and Jennings immediately accepted him. He became a Jennings protege.
Tracy developed a life-long admiration for Jennings, for his thorough scholarship, objectivity, hum anity and mental keenness. As a student Tracy was so fascinated by his great teacher that, as he wrote later: 'I watched him carefully and learned how' he proceeded. I made a deliberate study of Jennings as a major part of my scientific education. I kept a notebook just on th at' (A). W hen describing Jennings, Tracy seemed to be predicting some of his own later characteristics. T h u s 'Jennings threw himself completely into every task he undertook, whether it was to his liking or n o t'; and Jennings, like Sonneborn years later, used to hold seminars in the evenings at his home. Tracy wrote: 'T h e combination of uncom prom ising respect for significant facts down to the m inutest detail with the broad scope of his encompassing mind, was fully appreciated by his students'. T he relationship between Tracy and Jennings later became close, as is evident from the biographical m em oir of Jennings which Tracy wrote many years later (53).
W hen Tracy was at Johns Hopkins, the supervision of the work of graduate students by the University staff was far from strict. Tracy recalled that during the entire course of his Ph.D . work, Jennings conferred with him about his investigation only two or three times. In the old Hopkins tradition of 'H ere's an organism, go write a Thesis on it', Jennings simply presented Tracy with a finger bowl containing a specimen which he had recently collected, and said: 'learn how to cultivate it, study its life history and consider what basic problems of biology it would be well suited for investigating'.
Jennings had said that the organism was Aeolosoma (an Annelid), but there was some mistake. After a considerable time, Tracy found that he had been given the wrong dish, and the organism he found himself studying was Stenostomum (a flat worm). On this he worked for his Ph.D . which he gained in 1928. Surely this was another fortunate accident, for the work with Stenostomum had lasting consequences on the studies which Tracy made in later years.
Biographical Memoirs P h .D. w o rk o n S tenostomum, T he work that Sonneborn did for his Ph.D . is remarkable in that it reveals some of the attitudes to fundamental scientific problems that he maintained for the rest of his life. As already mentioned, the experimental material was not chosen by himself, but was presented to him incorrectly named-by Jennings, with no specific instructions about what should be done. In the introduction to the first paper describing the work (1), Sonneborn wrote: 'T he present investigation is part of a series of researches being conducted by Jennings and his students concerning hereditary differences and especially the role of the environm ent in their production, on parthenogenetic and asexual M etazoa'. This Lamarckian notion of the effect of environm ent on heredity was still, in the 1920s, considered worthy of serious consideration, at least by some biologists, though not of course by geneticists of the M endel-W eismann-M organ school. Jennings was particularly interested in investigating the question of whether some groups of organisms (e.g. the protozoa and the simpler metazoa) might have hereditary systems different from that of the genes and chromosomes which had clearly been proved to apply to higher plants and animals.
Sonneborn's work on Stenostomum was in two parts, comprising (1) the process of asexual reproduction, or 'fission', of the worms, and (2) the effect of a toxic substance, lead acetate, on the production of abnorm alities, and whether such abnormalities were inherited by succeeding asexual generations.
In the first part of the work he studied in detail how the daughter animals were budded off. Stenostomum incaudatum (the species was named by Sonneborn himself) is a few millimetres in length, with a complex head and a trunk composed of an outer integument and an inner intestine. Growth is by elongation of the trunk, and new heads are differentiated at specific sites along the trunk. A posterior section with a newly developing head separates off from the 'old anterior section bearing the original head and, before separation is complete, new rudim entary heads begin to develop at other regions of the trunk. By carefully studying the fate of the different progeny worms, Sonneborn found that the anterior products of division showed characteristics of a single 'individual' which develops, grows old and dies, but that lines of successive posterior products of division showed characteristics of newly produced young individuals. W hile the anterior products m ight develop abnorm alities and die, the posterior products could be cultured indefi nitely without decrease in vigour: they were 'im m ortal'. Sonneborn drew the conclusion that parts which grow and are newly formed in each generation remain perpetually vigorous, but parts which are formed and then never grow or are replaced become old, worn out and die. All this was contrary to earlier beliefs, that reproduction of these animals was a process of fission into two identical daughter individuals. It also fore shadows some of Sonneborn's later studies on ageing and rejuvenescence in Paramecium.
In his second paper on Stenostomum (2), Sonneborn described some of the abnormalities produced by lead acetate treatm ent, and gave special attention to 'doublets', two-headed m onsters with a single body. M ost other abnorm al animals produced normal progeny after removal of lead acetate from the culture m edium , but some of the doublets reproduced true to type: they gave rise to new races with constant (doublet) characteristics. Sonneborn concluded that these doublet races were produced by the direct action of certain environm ental conditions on what he called the 'germinal m aterial' of the ancestors, i.e. the effects of the environm ent were hereditary. In a com m ent on this work written nearly 50 years later (A), Sonneborn writes: 'T here were two main topics in my Ph.D . thesis: the genetics of ageing and of structural arrangem ent. I showed that both were cytoplasmic, not M endelian. These first encounters with cytoplasmic and non-M endelian heredity convinced me that there was more to genetics than simple transmission of genes and chromosomes from parents of offspring'.
His belief in non-M endelian inheritance was based on the fact that reproduction of Stenostomum was asexual, from which it was assumed that the cells in daughter animals were genically identical with those in the parent. However, in a com m ent made in 1978 (A), Sonneborn admits that: 'Since Stenostomum could not reproduce sexually, I could not perform classical breeding experiments. T h at m eant I could not prove that the genes were identical in normals and Siamese twins, likely though it seemed. So I had to find a sexually reproducing organism '. As will be described below, such an organism was , with which Sonne born later investigated both ageing and the inheritance of double animals. At this point, I m ust interrupt the account of T racy's scientific life, to record a few more personal details. At about this time, 1 racy met Ruth Meyers, a social worker, at a school sum m er camp, where both were acting as Counsellors. 1 hey were married on 6 June 1929 and the honeymoon was spent in Rurope. 1 he marriage led to a life-long partnership, from which Tracy gained enormous support as well as the inestimable benefit of being able to devote as m uch time to his work as he desired. Ruth was-and is-m uch beloved by all who knew her.
T he Sonneborns had two sons, Lee and David, both of whom later gained university positions, Lee as a mathematician and David as a biologist.
D iscovery of m a t in g ty pes in
(1 9 3 7 )
After returning from his honeymoon, 1 racy found he would not easily get a job as a University teacher, due to the economic crash of those years. T h a t indeed was the way it worked out. Tracy acted as an assistant for 3 or 4 years. T hen, Jennings, who was only a few years from retirement, gave up work on Paramecium with which different lines could not be crossed, and he turned to another organism ( , a Rhizopod). Tracy, however, asked to be allowed to continue work on , and Jennings agreed.
T racy worked for seven years on Paramecium at Johns
Hopkins. He wanted to hybridize diverse paramecia and began a long series of investigations of conditions which induced conjugation. D e scribing this work, he later wrote: 'Seven long years! One by one I discovered the conditions required for conjugation, but did not find the m ost im portant till M arch 1st 1937'.(A) Conjugation in ciliates had been observed for m any years, and leading investigators of the nineteenth century (Richard Hertwig, M aupas, Butschli), and of the early twentieth (Enriques, Calkins, Jennings) had worked extensively on the phenom enon. Even as early as 1889 Hertwig and M aupas had described the main cytological details. But no one could obtain conjugation at will. In 1910 Jennings had succeeded to some extent with certain strains of Paramecium , by a procedure involving two periods of semi-starvation, separated by an intervening period of abundant feeding. Conjugants appeared in large num bers after the second period of reduced feeding. T his made possible some rudim en tary genetic experiments, but the m ethod was unsatisfactory because the conjugants obtained by Jennings were usually derived from a single ancestral cell, and hence would be expected to be similar genetically. W hat was required was a technique for crossing cells of diverse origins.
Sonneborn, com m enting on his work on conjugation, wrote in 1978: 'Looking back from the perspective of time, I can now see that the key to the success that was to come, opening up the possibilities of m odern genetic analysis, was my intuitive feeling that " endom ixis" (i.e. auto gamy, as it was later shown to be), was im portant for my purposes'.(A) In earlier work, most attention had been given to the effect of environmental conditions on conjugation. Sonneborn now considered the role of an internal factor: nuclear reorganization at autogamy and conjugation (5, 6). He showed that in one stock of P. aurelia (later denoted stock R, variety 1), conjugation could readily be induced immediately after autogamy. W hen the surplus animals left behind in cultures from which daily isolations had been made, were collected in small mass cultures and placed at 31 °C, conjugation invariably occurred if the animals had recently been through a nuclear reorganization process, though with another stock (stock W, variety 2), the same procedure did not result in conjugation.
In a later paper (7), Sonneborn showed that if the surplus animals left behind, after daily transfer of individual paramecia to fresh culture fluid, were kept without further change at 31 °C, autogamy was induced with a frequency increasing with the time elapsing since a previous conjugation or autogamy. As a result he learnt the trick of carrying on daily isolation lines descended from a num ber of different autogamous, or conjugant, cells, and putting the 'left-over' cells together in one culture. Using this m ethod he discovered mating types in Paramecium.
Tracy was very fond of recounting the dramatic events which occurred in the middle of the night of 1 M arch 1937, when he finally proved that he could produce conjugation abundantly and to order. He wrote:
'M y wife and children were visiting her parents in Philadelphia, so I solaced my loneliness by working in the lab very late at night. It m ust have been about 2 or 3 a.m. that night when I was led by my preceding results to try something completely contrary to the first principle of genetic research: keeping different cultures separate and pure. M y results had indicated that this prevented conjugation. So I deliberately began mixing together pairs of different pure cultures. T o my amazement, delight, and ineffable excitement, I saw that as soon as certain cultures were mixed together, the cells stuck together and proceeded soon thereafter to pair up and conjugate. All my cultures were then tested against two that reacted that way with each other. W ithin an hour, it was obvious that all were of just two kinds: some reacted with one m em ber of the original two, the rest with the other. T he two different types were called mating types I and II. I of course knew at once that I had discovered how to cross-breed paramecia and therefore how to do standard genetic analysis.
'This was indeed a terribly exciting discovery. M y first impulse was to phone Jennings and tell him the great news; but it was 3 a.m. and I didn't dare. Yet I had to tell and show the reaction to someone. I just couldn't contain myself. So I went from lab to lab looking for someone, anyone. No biologist to be found! Only an old black janitor. I dragged him to my microscope and said " Look at that mating reaction! Just look at it! Isn 't it wonderful?" He had probably never before looked in a microscope and may not have seen a thing. T hen he looked at me and said " Boy, it sure m ust be wonderful, 'cause you're mighty excited" . Indeed I was.'
Utilizing his discovery of a m ethod for obtaining conjugation, Sonneborn began a study of the ability of different isolates of P . aurelia to torm conjugating pairs. W ith the results thus obtained, he formulated the concepts of variety and mating type (9, 10). Conjugation, followed by the production of viable offspring, occurred between animals of diverse mating type, but identical variety. He originally described three varieties, each with two mating types: i.e. variety 1 with mating types I and II, variety 2 with mating types III and IV, and variety 3 with mating types V and VI. T he two mating types of each variety were indistinguishable by any character other than their mating properties. Since other workers had shown that conjugation involves a reciprocal exchange of nuclei, and each participating cell yields a stationary (or 'fem ale') and a m igratory (or 'm ale') gamete nucleus, the two m ating types could not be equated to the two sexes in other organisms. Both were, in a sense, herm aphrodite. Hence the expression-'m ating types', rather than 'sexes' was adopted.
As for the different varieties, Sonneborn found that they also could not be distinguished, at that time, by any character other than ability to mate with other m em bers of their own kind, though a num ber of not precisely defined inter-varietal differences were observed. M any years later, other m ore clearly specified characters were used for the distinction of varieties.
By examining collections of P. aurelia from different wild localities, Sonneborn found m ore varieties: By 1946 eight were known (18) and by 1975-fourteen (52) . In the course of his later work, he changed the designation 'variety' to 'syngen', and finally to 'species', as will be discussed later.
T h e discovery of m ating types in P. aurelia was a major landm ark in the progress of research of ciliates. Henceforth precise genetic analysis by M endelian m ethods became possible with these organisms. Such analysis was immediately pursued energetically by Sonneborn and his associates and students. It was now possible to do what he had all along set himself as his main task, namely to find out to what extent a unicellular organism like Paramecium conform ed with the rules of classical genetics, and to what extent other m echanism s operated. For he had not forgotten the suggestions made to him at Johns Hopkins, to the effect that there might be alternative hereditary systems, different from those of genes and chromosomes, especially in lower organisms. One such system-that of the cytoplasmic 'kappa' particles, soon became apparent.
M ove to In d i a n a , 1939
T h e m ating type work made a great stir. In 1937, Sonneborn gave a dem onstration of it at W oods Hole, where the great figures in American biology were accustomed to spending their sum m er vacations in those days. W enrich, a leading protozoologist said: 'I 've seen it and still do n 't believe it', while M organ comm ented: 'How can you reconcile this with Jennings's evidence of assortative m ating'. By 1939, the work had progressed so far that a symposium on it was held at the Richmond meeting of the A.A.A.S. Unfortunately at the critical m om ent Tracy came down with measles, so Jennings had to present Sonneborn's paper on P. aurelia as well as his (Jennings's) own on P. (Jennings, having by then followed Sonneborn and worked out a system of mating types in the latter species). As a result of the publicity, Sonneborn received an invitation to visit Indiana University by Fernandus Payne, who was then building up the biology departm ents there.
Tracy relates that he and Ruth at that time thought of Indiana University, as 'some little known teacher's college in the Mid W est', and that anything west of the Appalachians was 'primitive backwoods'. However, when he went to Indiana to give a seminar on his work, he was favourably impressed, not only by the academic standards but also by the beauty of the surrounding country. He noted that the redbuds and dogwoods were especially luxuriant and, on that occasion, were out together in the first part of May. After this visit, Payne offered Sonneborn a position. Tracy later recalled (A): ' I was glad to go there. My 17 years at Johns Hopkins from Freshman to Associate-had been golden years of opportunity, but now I was off on my own in a place that wanted to become great and gave me extraordinary working conditions and a feeling of security and appreciation. In spite of num erous bids from all over the country, I never wanted to leave Indiana in which biology flourished with stars like Cleland, M uller and Luria for colleagues and a steady stream of able and ambitious students. Dean Payne and President Wells won my loyalty and affection: they were incredibly wonderful!'
He was appointed an Associate Professor in 1939, promoted to Full Professor in 1943, and Distinguished Service Professor in 1953. On his retirement in 1976, he was made an Em eritus Professor.
Indiana University, situated at Bloomington, a peaceful small town surrounded by wooded hills, has developed a unique character. It is a friendly and informal place, but is strongly influenced by the powerful driving spirit of the M id-W est, and at the same time softened by the more relaxed atmosphere of the neighbouring Southern States. M any excellent departm ents have developed there. As already mentioned Indiana U n i versity became pre-em inent in biology, especially genetics, and its music school was probably the best in the U.S.A., with an opera rated by some as second only to the 'M et' in New York. It is no wonder that Sonneborn was happy to spend 42 years there. T he consequence was that Bloomington became the Mecca of all Paramecium workers. Those-like the present author-who had occasion to spend a period there enjoyed the experience enormously and usually tried to arrange further visits.
K a p p a , 1938-75
While carrying out his experiments on mating types, which involved mixing different strains of P. aurelia in the same culture vessel, Sonne born noticed that certain stocks of variety 2 made the m edium toxic to other stocks, especially those belonging to varieties 1 and 3 (9). Subseq uently, similar phenomena were found in variety 4, and other varieties. This led to the discovery of the 'killer' paramecia, which were later shown to contain certain cytoplasmic particles called 'kappa'. Kappa particles caused to be liberated into the m edium an agent-at one time called 'param ecin'-and this agent was toxic to 'sensitive' paramecia which lacked kappa.
In 1943 (14) Sonneborn published the results of a study of the variety of 4 killer paramecia. He worked with four stocks: stock 51 (a killer) and stocks 29, 32 and 47 (sensitives). U nder certain conditions, conjugation could be brought about between killer and sensitive paramecia so that genetic analysis became technically feasible. It was found that Fj animals deriving cytoplasm from killer parents were again killers, while F ,s deriving cytoplasm from sensitive parents were sensitive. T h u s in heritance of killing ability was via the cytoplasm.
Subsequent analysis of progeny arising from the cross 51 killer by 32 sensitives showed a m ore complicated situation: the FjS again showed that inheritance of killing ability was cytoplasmic, but later generations obtained either by autogamy of the FjS, or by various further crosses, showed that a dom inant nuclear gene ( ) had to be present for kappa to be maintained. Stock 32 contained the recessive allele ( ) of this gene. W hen K was replaced by k, even in cytoplasm derived from a killer cell, the progeny became sensitive to the action of killer paramecia. Sonneborn placed considerable significance on the discovery of the nuclear gene K , and wrote in 1943 (15): 'the results do not justify the conclusion that cytoplasmic inheritance, in the sense of independent, self-multiplying, cytoplasmic determ inants, is involved. Only the extremely good fortune of having stock 32 prevented me from falling into this error. T he phenom enon is not cytoplasmic inheritance, but continued production of a cytoplasmic substance under the influence of gene . Elsewhere (16, 17, 19) he likened kappa to a prim er in a pump: when a little kappa was put in, more kappa came out. T h e function of the gene K was to control the m aintenance and increase of kappa when some was already present, not to start the production of kappa when none was initially present.
These findings aroused great interest amongst geneticists and other biologists, as shown by the discussion of a paper by Sonneborn at the 1946 Cold Spring H arbor Sym posium (19) . At that time the significance of cytoplasmic genetic factors was not generally appreciated, and most geneticists thought that the cytoplasm was of little or no importance genetically. It is true that there was a small minority of biologists who held a contrary opinion, according to which 'fundam ental' traits were thought to be controlled by the cytoplasmic part of the genetic system, and the nuclear genes acted merely as modifiers of relatively m inor or superficial variations. T his extreme view was however regarded as untenable by nearly all geneticists, as well as by Sonneborn himself (28).
At the same time as the first reports of the killer paramecia were being made, analogous non-genic, cytoplasmically inherited phenom ena were being described by others, e.g. the C 0 2-sensitive Drosophila of L ' Heritier (1948) and the 'petite' yeasts of Ephrussi et al. (1949) , to mention only two. T here had also been reports of extranuclear inheritance of chloroplast characters in plants for many years, starting with the work of Correns and Baur in the early years of the twentieth century. Finally a num ber of other plant characters seemed to show cytoplasmic in heritance. However, the situation regarding all these reports was far from being resolved at the time that Sonneborn discovered kappa, and his work stimulated much interest in the genetic role of the cytoplasm.
One suggestion which was repeatedly made was that the kappa factors were not part of the regular genetic apparatus of the cell, but were symbiotic micro-organisms or viruses. Sonneborn vigorously rejected such suggestions. T hus in 1946 he wrote (19): 'Several critics (Spiegelman, Altenburg, and Lindegren) have suggested that kappa is a virus. T he fact that kappa is but one example of a normal and regular system of cytoplasmic factors seems to exclude the virus interpretation'.
T he notion that kappa was part of a 'normal and regular system ', was based on some other studies by Sonneborn done about the same time, on the inheritance of mating types and of surface antigens (see below). But it was soon apparent that the resemblances between the systems of inheritance of these different characters were quite superficial, and irrelevant to the question of the nature of kappa. In 1950 he wrote (26): 'T he different examples at first seemed to be similar in principle. I have learnt this the hard way. T he killer model does not apply to the next kind of trait examined in P a r a m e c i u m, the antigenic types. Apparently mo than one model is needed to account for the various examples of cytoplasmic inheritance'. Nevertheless he was still unwilling to accept the virus or symbiont hypothesis for kappa. In 1950 (28), after Preer (1946) had shown that kappa was microscopically visible and contained D N A , Sonneborn described kappa as being 'intermediate between an adventitious, in fectious virus, and a normally present non-infectious cytoplasmic gene.' K appa's method of maintenance was the m ethod of genetic particles and transmission was by heredity, not infection.
Again in 1955, while conceding that kappa was looked upon by most other geneticists as a foreign organism, he pointed out that careful studies by Preer and Stark (1953) had revealed marked differences between kappa and all those types of organism (algae, bacteria, Rickettsiae, viruses) with which various authors had 'speculatively' claimed to identify it. Sonneborn then preferred to classify kappa as a plasmid, in the terminology of Lederberg. It was a 'model factor in the borderland between genetics and parasitology' (33).
In the end, however, he felt able to accept the symbiont hypothesis (51). In 1975 he summarized his changing views on the subject in the following words: 'Immediately after discovering killers, Sonneborn considered the possibility that their basis might be a symbiotic organism, but he rejected this possibility when efforts at infection failed. A decade later, he succeeded in obtaining infection (22), but nevertheless in 1959 still held (35) that better evidence was required to validate the symbiont interpretation. T h e evidence that kappa is indeed a bacterium came largely from the work of Preer and his associates, beginning particularly with the characterization and visualization of kappa, and going on to discoveries of its structure, composition and properties. Eventually kappa was found to be but one of m any kinds of bacterial endosym biont which occur in m ore than 50% of all collections of P.
.' From all this one gets the impression that Sonneborn was initially unsym pathetic to the hypothesis that kappa was a symbiotic m icro organism, because this would have gone against his belief in the im portance and wide occurrence of cytoplasmic genetic determ inants. He conceded the symbiotic interpretation only when the evidence had become overwhelm ing-and that took a very long time, so far as he was concerned.
It may be added that other workers have made m any additional studies of kappa and other Paramecium symbionts, which were given Linnaean binomial designations in 1974 by Preer et (1974) . Kappa, for example, was renam ed Caedobacter taeniospiralis.
G e n e tic s of m a t in g t y p e s , 1937-66
Im m ediately after discovering m ating types in P. aurelia in 1937, Sonneborn started to collect data bearing on the question of the genetic basis of these systems of characters, which turned out to be as nonconfor mist, in term s of current genetic theory, as the killer system just described.
Sonneborn (8) and Kimball (1937) (who was T ra cy 's first graduate student at Johns Hopkins), had reported that in certain stocks, different ex-autogam ous progeny from a single parental clone yielded different m ating types. From these and later studies (11) it became clear that segregation of nuclear genes could not be the basis of the mechanism of m ating type determination. Autogamy resulted in the production of completely homozygous genotypes, but diverse mating types continued to appear after each succeeding autogamy. Evidence was obtained that somehow the m acronucleus was concerned. After conjugation each exconjugant develops two new macronuclei of identical genotypes, and the two new macronuclei each pass into different daughter cells at the first post-conjugational cell division. Segregation of mating types may occur at this division. This and other evidence persuaded Sonneborn that mating types were determined by some non-genic, but constantly inherited, property of the macronuclei, which became fixed at a certain early stage in their development immediately after conjugation or autogamy. T his system of inheritance was denoted 'caryonidal', a caryonide being defined as a line of cells all descended from an ancestral cell containing a single macronucleus. Once determined, the macronuclear factors controlling the mating type were reproduced throughout the hundreds of fissions which occur until the next nuclear reorganization process.
T h e caryonidal (or 'G roup A ') system of mating type inheritance which was discovered in variety 1, was soon found to operate also in varieties 3 and 5, and eventually in varieties 9, 11 and 14 (51). As Sonneborn pointed out in 1947 (20), these results raised a difficult question. How could diverse macronuclei arise from genically identical micronuclei? T o this question no positive answer could be given in 1947. However, Sonneborn's work raised the interesting and novel possibility that there could be a heritable differentiation of nuclei which did not involve gene replacement or mutation. Notions of nuclear differentiation within a standard genotype became an accepted part of genetic theory only many years later.
One further point about the 'G roup A ' system of mating type determination should be mentioned here. Although such determination was normally independent of any genic substitution, Sonneborn found in 1939 (11) evidence for a nuclear gene which restricted the process. Certain stocks of variety 1 were found to be capable of forming only a single mating type (I), while most other stocks, as already described could form both I and II. T h e difference between the 'one-type' and the 'twotype' stocks was found to depend on a pair of allelic genes, the recessive allele determining the 'one-type' condition and the dom inant the 'twotype' condition. This was the first nuclear (Mendelian) gene discovered in Paramecium.
An apparently quite different system of mating type inheritance was found in a second group of stocks ('G roup B'). In varieties 2, 4 and 6 (and later 7, 8, 10 and 12) (51), the mating types of an ex-conjugant clone were found to be usually the same as that of the conjugant cell from which cytoplasm was derived, and the two caryonides from a single exconjugant were usually alike. M oreover at autogamy in these 'G roup B' stocks there was little or no change of mating type. However, when a small amount of cytoplasm was transferred at conjugation, the two caryonides from a single conjugant sometimes differed in mating type. This finding suggested to Sonneborn (54) and to Nanney (1954) that even in 'G roup B', where mating type seemed to be cytoplasmically controlled, a system of macronuclear determination was also present. It was assumed that in these stocks the state of the macronucleus was determined by the cytoplasm. This was confirmed by further experiments of Sonneborn and Tallan, who concluded that in variety 4, a cyclical system of interacting factors existed, according to which the cytoplasm influenced the develop ment of new macronuclei, but the cytoplasmic factor itself was produced under the influence of the parental macronucleus. T hus it was possible to accommodate the 'G roup A ' (caryonidal) and 'G roup B' (cytoplasmic) systems of m ating type inheritance within a single theoretical scheme, according to which the basic determ ining element was the macronucleus. S o nneborn's students and collaborators later discovered many additional facts about m ating types (51), but it is probably true to say that the underlying m echanism in this very interesting model cellular system is still largely unknown.
In addition to the 'G roup A ' and 'G roup B' systems just described, Sonneborn discovered still another system of m ating type inheritance in P. aurelia ('G roup C '). 'G roup C ' comprises only variety 13. He called this a 'non-conform ist' genetic system, but to a classical geneticist it would be considered as the only conform ist one. Here one m ating type is determ ined by a recessive gene (mt), and the other by its dom inant allele ( M t). Only three isolates of this variety have been found, stock 209 (from France) bearing the gene mt, and stocks 238 (from M adagascar) and 321 (from Mexico) with the gene M t. Here there is direct genic determ ination of m ating types, and from a given pair of conjugants, the two exconjugant clones (and all caryonides) are all alike as regards m ating type.
E a r l y w o r k o n t h e a n t ig e n s of P.
, 1943-51
T h e third type of variation in P. am elia (after the killers and m ating types), studied by Sonneborn, was that of the surface antigens. It had been known from earlier work by others that antisera prepared by im m unization of rabbits with param ecium homogenates caused im mobilization of living paramecia of the same type as those used for imm unization. M oreover there had been indications that changes of antigenic type could be brought about by various treatm ents (Jollos 1921) , though at that time nothing was known, of course, about the genetic basis of these changes.
Sonneborn's first paper on the Paramecium antigens (13) in 1943, was a brief account of the inheritance of antigenic characters in variety 1. He concluded that it was 'strictly M endelian'. In variety 4, however, he soon found indications of cytoplasmic inheritance (21, 23). Stock 51 was found to be capable of giving rise to several different antigenic types, denoted 51 A, 5 IB, 51C, 51D etc. T h e different types could be formed under different environmental conditions (e.g. tem perature), but in some instances-surprisingly-even under the same conditions. For example the three types 51 A, 51B, 51D could be m aintained indefinitely in parallel cultures grown at one fission per day at 27 °C. Transform ation from one type to another could be produced in various ways, notably by treatm ent with homologous antisera. T he new types thus produced were stably inherited thereafter, and hence cells of each type contained, or had the capacity of producing, all the other types. Crosses between cells of the same stock exhibiting different antigens, e.g. 51A x51B , yielded the same two types in the ex-conjugant clones, and inheritance was cytoplasmic. On passing the Fj^ clones through autogamy, no segregation was observed. M oreover when conjugation between 51A and 51B cells was accompanied by cytoplasmic exchange, some or all of the 51A animals changed to 51B. Sonneborn at first interpreted these results in terms of a cytoplasmic factor, or 'plasm agene' (25), controlling antigen formation. He even considered the possibility that the antigens might themselves be plasmagenes, for there was an inhibition in production of antigens following treatm ent with hom olo gous antibody. However, further results soon made such a conclusion untenable. He had found (24) some differences in the arrays of antigenic types which could be produced by different stocks. For example stock 29 produced, at low temperatures, a type (29F), while stock 51 seemed unable to produce this type. W hen stocks 29 and 51 were crossed and the F t hybrids were passed through autogamy, genic segregation was found, i.e. 86 ex-autogamous clones were capable of producing type F, and 95 clones were not. Obviously this was not significantly different from the 1 : 1 ratio expected for segregation at autogamy of a pair of allelic genes. T o accommodate these results with the plasmagene hypothesis, Sonneb orn proposed that the plasmagenes might be 'gene-initiated'. However, further study of stocks 29 and 51 showed that, in addition to the F: no F difference, there were other differences affecting the specificities of antigens in the two stocks. T he antigens 29A and 51A were not exactly alike, and the differences between them were found to be controlled by another pair of allelic genes. As a result of these findings Sonneborn (26) in 1950 wrote: 'W ith respect to serotypes, the existence of gene-initiated plasmagenes is no longer even a useful assum ption'. In the same paper, after discussing various possible hypotheses, he stated: 'This will, I am afraid, seem like a most unsettled state in which to leave the remarkable system of serotype determination and inheritance .... But we are studying a type of cytoplasmic inheritance never before subjected to this sort of intensive experimental analysis'.
In the next year (1951) , he adopted a very different type of hypothesis (29). He wrote: 'Our work on variety 4 and Beale's on variety 1 demonstrated the fundamental similarity in the genetic system of these two varieties, a system which involves a close interaction between genic and cytoplasmic inheritance'. Sonneborn's conclusions were expressed as follows: (1) a cell may contain genes for alternative and mutually exclusive traits so that only one of them can come to expression at any one time; (2) the cytoplasm of the cell embodies mechanisms which per petuate the particular alternative trait, and (3) environmental conditions can bring about shifts from one gene-controlled alternative to another.
Although much subsequent work, both genetic and biochemical, has been done on the antigens of P. aurelia (51), most of this has not been
T ra cy M o rto n Sonneborn d o n e b y S o n n e b o r n h im s e lf, an d it is th erefo re in a p p ro p ria te to g o in to it h ere. C l a r if ic a t io n o f t h e b a s ic g e n e t ic s o f P . aurelia, 1 9 3 7 -47
B y th e g e n e tic a n a ly sis o f th e th ree g ro u p s o f ch a ra cters ju st d e sc r ib e d (k illers, m a tin g ty p e s, a n tig e n s), S o n n e b o r n w as ab le to esta b lish n o t o n ly th e d eta ils o f in h e r ita n c e o f th e se ch a ra cters, b u t also th e b a sic g e n e tic fea tu res o f P . aurelia (2 0 ). H e s h o w e d th at recip ro ca l e x c h a n g e o f n u clea r g e n e s o ccu rr ed at co n ju g a tio n , th at th e tw o e x -c o n ju g a n t c lo n e s p r o d u c e d b y a g iv e n pair o f c o n ju g a n ts w ere g e n ic a lly id e n tic a l, and th at a p p recia b le c y to p la s m ic e x c h a n g e
d id n o t n o rm a lly o c c u r at c o n ju g a tio n , b u t c o u ld b e in d u c e d u n d er certa in c o n d itio n s or in certa in sto ck s. H e also s h o w e d b y g e n e tic e x p e r im e n ts th at a u to g a m y , w h ic h had p r e v io u sly b e e n in ferred b y D ille r (1 9 3 6 ) o n c y to lo g ic a l e v id e n c e , c o u ld b e in d u c e d to o ccu r at regu lar in terv a ls, and p r o d u c e d c o m p le te h o m o z y g o s is in a sin g le step , b u t th a t e n d o m ix is , as p r o p o se d b y W o o d r u ff and E rd m a n n (1 9 1 4 ) d id n o t o ccu r in P . a u r e l i a . S o n n e b o r n also d isc clear reg e n e ra tio n (2 0 ) a p r o c e ss in v o lv in g fo rm a tio n o f en tire n e w m a c r o n u c le i fro m o n e o f th e fra g m en ts p r o d u c e d b y th e d isin te g r a tio n o f a p r e v io u s m a c r o n u c le u s at c o n ju g a tio n or a u to g a m y , and s h o w e d th at th is p r o c e ss d id n o t resu lt in an y g e n o ty p ic ch a n g e. B y m ea n s o f m a cro n u cle a r reg en era tio n c o m b in e d w ith o th e r te c h n iq u e s , h e p ro v ed th at th e p h e n o ty p e in P . aurelia is c o n tr o lle d b y th e m a cro n u clea r, n o t th e m ic r o n u c le a r g e n o ty p e . B y th e se d isc o v e r ie s, h e se c u r e ly e sta b lish e d P . aurelia as an o rg a n ism w ith w h ic h b o th g e n ic an d c y to p la s m ic in h erita n c e c o u ld b e stu d ied .
In d e e d , th an k s to S o n n e b o r n 's w ork , b y 1947 P. aurelia h ad b e c o m e in m a n y w a y s th e m o s t su ita b le m aterial for in v e stig a tio n s o n in tera c tio n s b e tw e e n g e n ic and n o n -g e n ic cellu la r factors.
T a x o n o m y a n d n o m e n c l a t u r e o f P .
, 1 9 3 7 -75
F o r p ra ctica lly th e w h o le o f h is life as a w o rk in g sc ie n tist S o n n e b o r n w as co n c e r n e d w ith n o m en cla tu ra l p r o b le m s o f h is c h o se n o rg a n ism (1 0 , 13, 20, 34, 51, 52). T h e q u e s tio n first arose in 1937 w h e n h e d isc o v e r e d th at th e 's p e c ie s ' P . aurelia c o m p r ise d a n u m b e r o f a p p a ren tly n o n in te r b r e e d in g 'v a r ie tie s', as th ey w ere th en ca lled . F ro m an early date (1 9 4 7 ), h o w e v er, h e had a cce p te d that th e sev en th en k n o w n v a rieties w ere 'e ffe c tiv e ly s p e c ie s ', sin ce m a tin g b e tw e e n th em w as rare or n o n ex isten t; b u t practical co n sid e r a tio n s led h im to d esig n a te th em as v a rieties, n o t sp e c ie s. H e p o in te d o u t th at th e sev en v a rieties all c o n fo r m e d e x a ctly to th e ta x o n o m ic d e sc r ip tio n o f th e 's p e c ie s ' P . aurelia, ev en th o u g h carefu l ex a m in a tio n rev ea led co n sta n t d ifferen ces a m o n g th e m in a d d itio n to th e m a tin g sp ecificitie s. T h e s e d ifferen ces in v o lv e d variation s in size, fissio n rate, th e en v ir o n m en ta l c o n d itio n s
necessary for mating, lethal temperature, mode of inheritance of mating types, etc., but none were in practice suitable for unambiguous identifi cation of the individual varieties.
In 1957 he returned to a consideration of this problem in a lengthy review paper (34) in which he discussed not merely the taxonomic organization of P.
aurelia,but also certain more general que as the validity of different concepts of species. He wrote: 'T he protozoa illustrate on a lavish scale the difficulties and limitations of the m odern species concept, which defines a species as a group of actually or potentially interbreeding populations'. He contrasted the concept of the modern, biological species, based on interbreeding populations, with that of the old typological or m orpho logical species. T he latter was to some degree arbitrary, and because of intergrades and other difficulties sometimes had no objective validity. But acceptance of the modern, biological species concept could also lead to insoluble problems. Only a minute fraction of the enormous num ber of morphological species could be sorted out into 'common gene pool species. Moreover a considerable proportion of organisms lacked sexual fertilization or were obligatory self-fertilizers, and were therefore also outside the domain of the m odern species concept. He even cast doubt on the reality of species as evolutionary units, and thought that in some cases named, readily recognizable species should be distinguished from 'sib ling' species (M ayr 1948), which might not be readily recognizable.
However, as regards P. aurelia he considered that this was an organism in which the 'm odern' species concept was, in theory at any rate, applicable (34). Although a complete bar to gene flow between varieties had not been demonstrated, and a few intervarietal mating reactions occurred, true intervarietal crossing was rare or non-existent, and gene flow between varieties could be at most a trickle. 'There was no doubt that the genes of one variety formed a potentially common gene pool. In spite of all this, he was unwilling to replace the term 'variety' by 'species'. 'This was, as he put it, 'to the annoyance of some geneticists and doubtless to the relief of protozoologists'. In the same paper (34), he wrote with some passion: 'I contend that assigning species names to varieties in P. aurelia is indefensible because it is totally impracticable. T o carry out mating type tests it would be necessary to employ 34 mating types. 'This is a colossal task and beset with many difficulties. I therefore reject mating type specificity as a basis for defining named species ... I also reject serological characteristics... and I also reject combinations of other traits'.
He stated in conclusion that he would continue to use the term species in its universal 'pigeon hole' sense, and find a new term for the limited num ber of cases in which common gene pools were known. For this he suggested the word 'syngen', or group of organisms between which gene exchange could occur. He was not willing to abandon 'variety' for 'species'. So from this time (1957) , and for some years, he and the other Paramecium workers used the term 'syngen', in place of 'variety'.
In 1974, however, he took the m atter up again. He wrote (51): 'T he situation has recently changed. Almost all the syngens can now be identified without recourse to any standard living cultures. Thirteen of the fourteen syngens can be routinely identified by the electrophoretic patterns of a small num ber of cytoplasmic or mitochondrial enzymes (Tait 1970; Allen et al. 1971) . T h e time has come, therefore, as others have long m aintained prem aturely it seemed to me-to recognize each syngen as a species, which implies conferring on it a species nam e'.
However, he was not quite ready to take that step, and in the comprehensive review (51) which he wrote that year (1974) , he merely referred to syngens 1-14 as 'species' 1-14, respectively.
Next year, 1975, the definitive paper (52), entitled 'T h e Paramecium aureliacomplex of 14 sibling species' appeared. He wrote 'T h e time has come when identification is practicable and Linnaean names should be given to the species ... I have to declare the designation of " P.
" to be an unusable species name, a nomen I propose to assign to each species a name that includes both " ' and its form er numerical designation, as follows: P. p r i m a u r e l i a , P .
etc... to P. ecaurelia(corresponding to the previously designated variety, syngen or species 1, 2 ... 14, respectively). In taking this step, Sonneborn acknow ledged the help of the well known protozoan taxonomist John O. Corliss with the nomenclatural problem s involved.
Having made this rather radical change, Sonneborn added that he did not see any need to abandon the generic name Paramecium, or elevate the generic name to a higher taxonomic rank. On this point, he wrote (52): 'T h e generic name Paramecium has been used for my 14 new species', and justification for this was provided by the long antiquity of the designation Paramecium aurelia, which had been used by O. F. M uller (1786) and C. G. Ehrenberg (1838). W hether or not Paramecium bursaria and other species familiar to protozoologists would eventually require assignment to new genera was left to others to decide. T o date no such changes have been made, and the nom enclature of P. bursaria, P. caudatum etc. has not been disturbed, though another well known ciliate, the former Tetrahymena pyriform is,has suffered major nomenclatural changes (Nanney & M cCoy 1976) . Perhaps the main conclusion to be drawn from this section is that it reveals Sonneborn's intense personal attachm ent to 'his' organism. He was at one time worried that later generations of biologists might be unable to identify the material as he had done, and he was obviously glad to be able to write, in 1975 (52) : 'It is a great satisfaction to know that now or centuries from now, anyone who is willing to give the time and effort needed for the job would be able to identify strains in conformity with our descriptions'.
He still maintained, however, that the ultimate reliable basis for identification remained and would remain the capacity to mate with reference specimens and yield viable recombinant F t clones-the method which he had used back in 1937.
C ortical g e n e t ic s, In his early work on Stenostomum and Colpidium, Sonneborn had studied the inheritance of abnormal individuals containing duplicate sets of part or all of the anim al's structures. In both cases he found, as described previously, that maintenance of these abnormalities sometimes occurred for long periods of asexual reproduction. He concluded that their inheritance was non-genic, but he could not definitely prove this, because these organisms lacked a sexual mode of reproduction and genetic analysis by classical methods was not possible.
He returned to the problem of the genetics of structural abnormalities in 1963 (37) by which time he had developed sophisticated methods of genetic analysis with Paramecium aurelia, as regards both genically and cytoplasmically controlled characters. Doublet animals were obtained in Paramecium and after crossing doublets with singlets, he found that the doublet conjugants yielded doublet ex-conjugant cells, and singlet conjugants yielded more singlets, in spite of the fact that the nuclear genotypes of both kinds of Fj clones were the same. Hence, the hereditary difference between singlets and doublets could not be genic.
T he analysis was carried further by making crosses of doublets with singlets, as before, but additionally by marking the cytoplasm of one or other of the conjugants with kappa particles, and ensuring that m ixture of the two cytoplasms took place. It was again found that ex-conjugants derived from doublet conjugants yielded more doublets, and exconjugants derived from singlets, yielded more singlets. T he difference between the two types of cell could not therefore be controlled by factors in the fluid part of the cytoplasm, either. Sonneborn also eliminated a mechanism based on macronuclear differentiation, like that controlling mating types.
Having excluded all these mechanisms, he concluded that the cortex the outermost part of the cell, which in Paramecium bears an intricately arranged pattern of cilia, contains within itself the genetic basis for the surface structures. This novel hypothesis was then tested by grafting experiments, whereby pieces of one cell were torn off and implanted in another. Such a process sometimes occurs spontaneously at conjugation. By this means it was possible to implant an extra piece of cortex, bearing certain readily identifiable structures (e.g. parts of the oral region), into recipient cells which subsequently produced new clones.
Reporting the results of such experiments (37), Sonneborn stated: 'W hen samples of these clones were stained by the silver impregnation technique, we found to our am azem ent and delight a new hereditary type that went far to answering our question about autonom y of cortical parts. A piece of paroral cortex, pulled off from one cell and incorporated into the surface of another cell, led to the developm ent of an entire super num erary oral segment, which was thereafter m aintained during fission of the abnorm al animals. Hence the genetic autonom y of a delimited part of the cell cortex had been dem onstrated'. He later showed that this genetic autonom y applied not only to entire longitudinal segments, but also to parts of a segment along the anterio-posterior axis.
In further studies, in collaboration with J. Beisson (43, 47, 48, 50 and Beisson 1972) , Sonneborn showed that the orientation of cortical structures was also inherited autonom ously. T h e rows of cilia-bearing areas ('kineties') on the surface of Paramecium have an anterio-posterior orientation, as shown by the positioning of various granules, fibrils and ridges. By microsurgery, Beisson and Sonneborn produced paramecia having some inverted kineties. Such paramecia pursued a 'twisty' course when m oving forwards and sometimes swam 'frantically around in circles', since the beating of the cilia in the inverted portion was reversed. These abnormalities were perpetuated through many cell cycles and through autogamy.
T o interpret these findings, it is necessary to take into consideration the growth of individual surface organelles, especially the ciliary basal granules (kinetosomes). Sonneborn (48) pointed out that basal bodies com m only arise so close to pre-existing basal bodies that it was not therefore surprising that Lwoff (1950) had earlier described the process as one of 'division'. Lwoff's observations were of course made before the electron microscope had been developed. Later, detailed electron m icro scope studies by D ipped (1968) working in Sonneborn's laboratory, showed that the basal bodies of P.
aurel arise at particu a particular orientation (initially perpendicular) to existing basal bodies, but not by 'division'. T h e micro-region immediately anterior to a basal body was the only place in which basal body assembly took place, at least in Paramecium. In his 1970 paper, Sonneborn (48) concluded that the site of initiation of basal body assembly, its path of migration to the surface of the cell, and the orientation of the surface structures around it, were determ ined by the molecular geography within the unit territory, and not by any outside influence. It should be added that he was unable to find any evidence that basal bodies contained D N A , as had been claimed by previous workers. Like the sites of assembly of new basal bodies, the assembly of larger, more complex structures, e.g. gullets, was also found to be determined by local microgeography. 'This was shown by various experiments on paramecia containing damaged or missing gullet regions (48). W hen the determinative area, which is in the neighbourhood of the pre-existing gullet, is missing, it cannot be formed de , nor when it is damaged can it be repaired by genic or D N A action alone. However, although a new oral apparatus arises only where an existing one is already present, there is no evidence for a direct, template-like, causal relationship between the old and newly formed parts. Reproduction of cortical structure is, according to Sonneborn (37), typically very indirect, involving a com plex, dynamic series of events.
He sum m ed up his work on the cortex by asking the question: 'W hat are the determinative molecular species, configurations and modalities in the cortex?'. In his view, the answer remained almost or completely unknown, not only in ciliates hut in all organisms. T here was no reason to doubt that the molecular constituents of the cortex were coded in D N A , or formed by the action of D N A -coded enzymes, since every feature of the cell cortex of P. aurelia could be altered by gene mutations (as listed in the 1974 review (51)). But the surprising and theoretically important finding was that hereditary alterations in the cortex could occur in the absence of genic changes. T he basis for this kind of inheritance lay in the organising and developmental function of the existing cortical structure, both visible and molecular, and was referred to by Sonneborn as 'cytotaxis'. T he products of genic action could not initiate this cortical structure in the absence of an existing, guiding pattern of development.
T here was thus no escape from the conclusion that essential aspects of development in Paramecium-and presumably in other organisms toowere encoded partly in cortical geography and not solely in D N A .
Sonneborn's work on cortical genetics, which may be considered to lie in the borderland between genetics and embryology, rather than within genetics proper, certainly reinforced his belief, initially acquired during his early years at Johns Hopkins, that there was more to genetics than could be revealed by the study of genes and chromosomes alone. T he trichocysts are sac-like organelles, of unknown function, situated just beneath the surface of paramecia, orientated perpendicularly to the cell surface and precisely inserted at sites in the cross ridges between the cilia-bearing units. W hen the cell is stimulated with various chemicals (e.g. picric acid), the trichocysts are explosively discharged into the medium. A num ber of single gene m utations affecting trichocysts have been described, and these are listed by Sonneborn in his 1974 review (51). M ore than twenty recessive genes produce defective trichocysts which do not discharge. Sonneborn himself did little or no work with these genic m utants, but as in the case of the other characters which he studied, concentrated his attention on a variant which did not display normal Mendelian inheritance (56) . This was a 'non-discharging' type found in stock d l l 3, a derivative of stock 51 (species 4 or as it was then called).
T r ic h o c y st s,
T his non-discharging type had been m aintained w ithout change for eight years in stock cultures, during which m ore than 20 successive autogamies had occurred. Hence it seemed to be quite stably inherited. On crossing paramecia of the non-discharging type with normals, all the FI and F2 animals thus obtained were found to be normal. However it was later found that this 'reversion' to normality occurred usually only when the FI ex-conjugants were provided with an excess of culture m edium immediately after conjugation (the usual procedure). W hen the FI ex-conjugants were kept in non-nutrient m edium for a certain period, 'reversion' to the normal type did not usually occur. In that case, the exconjugants deriving cytoplasm from the non-discharging type usually were also non-discharging, and those getting cytoplasm from the normal parent were always normal. Further, where there was cytoplasmic exchange between normal and non-discharging conjugants, all the exconjugant progeny were normal, even under nutritive conditions favour ing m aintenance of the non-discharging type. Hence inheritance was non-genic and cytoplasmic, and the cytoplasmic factor which was present in normals and absent in the non-discharging type was denoted A (delta).
F urther study showed that, in addition to the cytoplasmic factor A, the macronuclei were also involved. D uring the early stages of development of macronuclei from micronuclei after conjugation or autogamy, the newly developing Anlagen pass through a critical stage during w'hich determ ination of the non-discharging phenotype can develop. Detailed tests showed that exposure of m acronuclear Anlagen in paramecia derived from non-discharging cells, either to external conditions involving surplus food, or to the cytoplasmic factor from normal cells, resulted in a reversion of the non-discharging phenotype to the normal. T h e change from normal to non-discharging was however never observed in the laboratory, and it does not appear to be understood how the non discharging type first arose.
T h e detailed mechanism underlying these phenom ena has not been explained. N othing seems to be known about the nature of the cytoplasmic factor A, nor have the m acronuclear components involved in the system been identified. However, the resemblances between this system and the m ating type system (especially that exhibited by the 'G roup B' species) are striking. In both cases there is a macronuclear differentiation at a particular stage, and this differentiation is controlled by a cytoplasmic factor. Some m inor differences between the two systems have been noted. T he cytoplasmic factors could not be identical, since when the mating type and trichocyst phenom ena were studied simultaneously in the same material, changes in mating type could be obtained without changes in trichocyst properties and vice versa. M oreover the duration of the sensitive period in macronuclear development seemed to be shorter in the m ating-type system, than in the trichocyst system. Finally, while the normal trichocyst type never changed to the non-discharging type under laboratory conditions, the mating types were never completely stable.
Sonnehorn considered by analogy with the mating type system, that the cytoplasmic factor A might be a product of genic action, and had its influence on the macronucleus by activating a gene, or regulator of a gene. However, such a gene has never been identified. He made further speculations about the mechanism, but the m atter has not been cleared up. He was involved in studying this problem, together with his assistant, M yrtle Schneller, right up to the time of his death, and references in the paper describing the work (56) indicate that further studies were planned. T he work typifies his enthusiasm for unorthodox genetic phenomena. Like the mating type system, the trichocyst system will need further clarification, but the results so far reported exhibit features of much interest to biologists studying mechanisms of development and differentiation.
A g ein g a n d r ejuvenescence, Problems of ageing interested Sonneborn right from the time when he did his Ph.D. work on Stenostomum at Johns Hopkins University. He also made intensive studies on ageing in Paramecium both at Johns Hopkins and Indiana Universities (31). Finally he wrote a general review in 1978 entitled 'Origin, evolution and causes of ageing' (55).
Senescence and rejuvenescence had long occupied the attention of biologists, as Sonneborn recalled in a paper in 1954 (31) , mentioning the names of Ehrenberg, Engelmann, Biitschli, R. Hertwig, Maupas, Weismann, Calkins, M inot, Woodruff, Jennings, Jollos, Pearl and Belarmany of whom had worked with protozoa. However, no generally accepted theory had emerged from this mass of work, and the results could be summarized by a quotation from Butschli: 'Grau, theurer Freund, ist alle T heorie'.
T h e connection between sexual processes and rejuvenescence had been discussed by many workers. In Paramecium aurelia, it was shown by W oodruff (1911), however, that conjugation was not a necessary pre requisite for the indefinite maintenance of a culture in the laboratory. This was done with a strain (later denoted W, variety 2 by Sonneborn), which was grown for over 2000 cell generations without loss of vigour, and without conjugation. Nevertheless strains of P. aurelia kept in the laboratory without conjugation, although potentially immortal, were known to undergo periodic cycles of increasing and decreasing fission rate, and such cycles seemed to be initiated by 'endomixis', as it was called by W oodruff and Erdm ann (1914), or 'autogam y', as it was later shown to be by Diller (1936) and Sonneborn (11, 12) . Autogamy seemed to be an effective substitute for conjugation in preventing death and restoring vitality. Sonneborn (31) was anxious to find out if these findings of Woodruff, based on studies with strain W, were generally applicable to other strains and varieties of P.
aurelia,and to obtain unam biguous answers questions: (1) does vigour wane and does life ultimately come to an end in the absence of autogamy and conjugation and (2) if vigour is waning, can it be restored and death prevented by the occurrence of autogamy? He had, as already explained, learnt how to control the occurrence of autogam y by starvation of cultures at appropriate periods in the life cycle (7). Ageing was studied in stocks of varieties 1, 2 and 4 of P. aurelia (31).
Daily isolations were carried out, under conditions preventing autogamy, for as long as possible, fission rates were m easured, and dates of extinction of the lines were recorded. O ther lines of the same stocks, but with regular, periodic autogamies, were run as controls. Similar results were found with all stocks, though there was some variation in the timing in different varieties, i.e. the m axim um num ber of fissions from fertiliza tion till death were as follows: variety 1-350 fissions (130 days) variety 2-303 fissions (165 days) variety 4-186 fissions ( 44 days) D uring the later stages there was a progressive decline in fission rate if autogamy had been prevented; but in the control line with periodic autogamy the fission rate remained at a high level (once every 6-8 hours in varieties 1 and 2, once every 5 hours in variety 4), and the lines could then be m aintained indefinitely.
Various characteristics other than fission rate were also studied in these experiments. Starting with conjugation a series of stages was observed, ending in death of the line (51). After conjugation, there was an 'im m ature' period during which conjugation did not occur; then a 'm ature period' during which conjugation but not autogamy is possible, then a stage with progressive loss in ability to conjugate and concomi tantly a gain in the capacity to undergo autogamy, then a 'senescent' stage with increasing num bers of abnormalities, and finally death. After autogamy a similar series of stages was found, though the initial 'im m ature' stage was absent.
In discussing these results, Sonneborn pointed out that they disproved the view of M aupas and others regarding the necessity of cross fertilization for rejuvenescence in P.
, since rejuvenescence was as well brought about by autogamy as by conjugation. Various hypotheses were discussed but none were found to be completely satisfactory. Earlier workers (e.g. Kimball 1953 ) had suggested that senescence was due to m acronuclear abnormalities arising in old clones, since chromosomal imbalances m ight be expected to occur from random distribution of chromosomes during amitotic macronuclear divisions, while macronuclei newly formed from diploid micronuclei would have balanced sets of chromosomes. Sonneborn (36) rejected this suggestion, since he found that he could obtain a restoration of vigour, not only by formation of new macronuclei at conjugation or autogamy, but also by macronuclear regeneration, a process in which a complete new' macronucleus is formed from a fragment of the old one. He thought that the prim ary deterioration in aged cells was cytoplasmic rather than macronuclear, since he found that the cytoplasm of aged cells could induce macronuclear abnormalities and also cause lethal damage to normal micronuclei introduced from cells of young clones. However, details of the cytoplasmic factors concerned were not specified.
He realized that the situation was radically different in different species and genera of ciliates. Autogamy, which plays so im portant a role in rejuvenescence in P. a u r e l i a , does not occur in P. bursaria, P. cau and some other species of P a r a m e c i u m, nor in the Tetrahymena group of species. Some of these (e.g. Tetrahymena) can be cultured indefinitely in the absence of any process of nuclear reorganization. Sonneborn admitted that all hypotheses failed to account for the fact that the rate of ageing and the m aximum length of life differed enormously in different ciliate species and genera. He put forward a num ber of interesting speculative suggestions, and concluded (36): 'It seems wise to seek, not the nature of ageing, but the variety of ways in which it is determined among organisms'. This view was expressed at greater length in his discussion of ageing in organisms other than ciliates (55).
As an addendum to this section, it may be mentioned that Sonneborn became interested in ageing phenomena in hum an beings, following his discovery of the occurrence of deleterious and lethal m utation in the micronuclei of P. aurelia in aged lines. In 1960 he wrote a paper entitled 'T he hum an early foetal death in relation to age of the father' (36) based on data obtained from the New York D epartm ent of Vital Statistics, on the frequencies of foetal deaths.
Though the data were numerically limited, there were indications of a consistently high foetal death rate amongst offspring of the older fathers. It was suggested that dom inant lethal mutations m ight be the reason for this.
M iscellaneo us p u b l ic a t io n s
In addition to his work on P a r a m e, Sonneborn num ber of investigations on other protozoa, e.g. on the suctorian Tokophrya infusionium (38), on the predator of Paramecium-Didinium nasutum (39, 40, 41) and some others; and his interests ranged far beyond the protozoa. As already m entioned arising from his work on ageing in Paramecium, he became interested in the mechanisms of ageing in hum an beings, and wrote a num ber of articles and reviews on that subject (36, 55) . In 1965 he wrote a paper on 'Degeneracy of the genetic code' (42).
Finally, he wrote a considerable num ber of articles on various ethical m atters to which he felt that as a biologist he could make worthwhile contributions, such as the effects of radiations on a m an 's genetic endowm ent, abortion, artificial insemination, sex determ ination and other questions arising from the impact of m odern scientific technology on hum an biology. All these articles were presented in Sonneborn's thoughtful and hum anitarian spirit. On religion and ethics he once wrote (49): 'Some of us, though profoundly awed by the universe as we apprehend it, do not believe in a supernatural God and reject divine authority for an ethical code .... If the new ethics are eventually judged to operate contrary to the good of man, readjustm ents can be made. We went through that reversal, for example, in the adoption and the repeal of Prohibition'. One m ore publication should be m entioned here: his lengthy m em oir of H. S. Jennings (53), which was not published until 1975, eighteen years after Jennings's death. Obviously, Sonneborn wanted to make sure that he would leave a worthy account of one he respected so highly.
A SUMMING UP
In the various sections of this memoir, I have stressed, perhaps unduly, the unconventional features of Sonneborn's work. T hroughout his life he devoted himself to aspects of genetics which were not m uch studied, or even considered worthy of serious consideration, by other geneticists. U ndoubtedly this led him from time to time on to false trails. As examples, I may m ention his early notions of plasmagenes (23, 25, 26) (39, 40, 41, 44, 46) . T he last m entioned had been based on earlier, but-alas!-unrepeatable experimental data of Gibson and Beale (1962) . These examples illustrate the kind of views which Sonneborn strongly supported at some time or other, but later abandoned. On 1 Septem ber, 1976 he wrote (L): 'I am alas too passionate and cannot disguise my weakness for thinking that whatever fascinates me at the m om ent is the most im portant and significant thing in science'. But he accepted the risk of making incorrect interpretations, and w hen he w as convinced that he was wrong, he unhesitatingly changed his views. In 1974, he wrote, rather untypically (51): 'T he old suspicion that the genetics of Paramecium was peculiar was strengthened by the concen tration of Sonneborn and his coworkers on extranuclear heredity. Eventually, however, most of these peculiarities were traced to nuclear differentiations, symbionts and other phenomena in the m ainstream of genetics, and their analysis has provided fundamental insights into major current problems of genetics such as radiation genetics and mutagenesis, molecular and developmental genetics, symbiont genetics, genetics of biological clocks, ageing, organelle (including mitochondrial) genetics, and, of course, nuclear differentiation and gene regulation'.
Here he seems for once to be trying to bring Paramecium back into the 'm ainstream ' of genetics. Indeed in the same review (51) it's that I never learned to make music or paint!' But when one looks at the whole of his work, it is clear that-contrary to the apparent lack of purpose suggested in the above quoted letter-he had a remarkably consistent outlook. Again and again he sought support for hypotheses which would extend genetics into regions not covered by conventional chromosomal and genic theory. This attitude, which can be traced back to his days at Johns Hopkins, was as m uch in evidence in his early writings on Stenostomum and on kappa, mating types and antigens in Paramecium, as in his last investigations on the non-genic heredity of trichocysts in Paramecium. In 1978 he writes (A): 'I have devoted most of my 50 years of research to the study of hereditary differences between organisms that had identical sets of genes and chromosomes. T he lead acetate effect (on Stenostomum) led me to recognize that rearrangements and changes in num ber of self-reproducing parts could lead to hereditary differences. This finding was published in 1930 (1, 2), long, before geneticists were prepared to appreciate it. Indeed they are still not .... But it bolstered my critical objection to the still current obsession with the gene'.
Only time will show how justified he was in pursuing his unorthodox ideas. Some will no doubt be shortlived. Some he abandoned himself during his lifetime. But some will surely endure. His work on the cortex of Paramecium, which is possibly his most original achievement, will doubtless find a perm anent place in the genetical and embryological literature. Another theme whose importance is only now becoming widely recognized, is that of nuclear differentiation. In regard to this, Sonneborn remarked in 1979 (56) : 'T h e m echanism in the trichocyst and m ating type systems (i.e. nuclear differentiation) could even differ from any yet known, a possibility that adds zest to the chase'. N otw ithstanding his preoccupation with non-genic heredity, it is abundantly clear that he fully appreciated the achievements of classical and molecular geneticists. W hen it was im portant to say so, he was second to none in his forthright support of orthodox principles. T his is nowhere m ore apparent than in his reaction to a suggestion that his work supported the views of Lysenko. Sonneborn wrote a powerful rebuttal to that suggestion (27). He pointed out that though two of his lines of work-on kappa and on the surface antigens-could be interpreted as supporting the notion of inheritance of acquired characters, this in no way cast doubt on the validity of the main corpus of genetical knowledge. His work on kappa showed-at least as he thought at that time (1950) that acquired characters m ight be inherited if the characters fell in a certain sub-division of non-M endelian heredity, but this could not underm ine neo-M endelian genetics. Further, his work on the antigens of Paramecium showed that some antigenic changes were adaptive, in that they could be induced by treatm ent of cells with homologous antiserum, and resulted in the production of cells which were no longer susceptible to the immobilizing action of the antiserum. But his analysis showed that the role of the transform ing environmental agent was to bring about a shift from one to another of the several possibilities determined by the nuclear genes, which Sonneborn-in contrast to Lysenko-recognized as being the ultimate masters of the situation.
So far from supporting the Lysenkoist position, Sonneborn considered that his work brought out fundamental facts which were quite contrary to that position. One such fact was the localization of decisive genetic determ inants in different parts of the cell. Such localization was inadm is sible to Lysenko, who held that each part of the cell was the material basis of the entire heredity of the cell. Sonneborn emphasized that the Lysenkoist interpretation could not account for the amazing success of the M endelians in dem onstrating correspondences between genetic and chromosomal phenomena, involving such things as sex-linked inherit ance, non-disjunction, linkage and crossing-over, polyploidy and so on. W hen necessary, Sonneborn was a very firm supporter of 'neo-M endelism ', as he called it.
T he question might be asked: to what extent did Sonneborn believe that his work gave some support to the Lamarckian notion of inheritance of acquired characters? Jennings had stimulated his students, according to Sonneborn's account (53), to undertake studies of the possibility of inheritance of characters acquired as a result of environmental action. Jennings was, however, well aware of the alternative of selection of spontaneous or unidirectional mutations; he kept an open m ind while demanding critical evidence. Sonneborn adds: 'I was one of the students he stimulated to undertake such experiments, I recall vividly his ques tions and comments on this topic during my oral examination for the Ph.D . degree in 1928. After asking me about the work in a num ber of laboratories on this topic, he then asked what had become of the investigators. Fortunately I knew that most of them had comm itted suicide or gone out of their minds. He concluded with 'Let that be a lesson to you'.
On this subject, it seems, Sonneborn -like Jennings-retained an open, though sceptical, mind. In 1931, Sonneborn (3) made a critical analysis of the well-known Lamarckian experiment of M cDougall on the behaviour of rats, and showed clearly his awareness of the weaknesses of M cD ougall's experiment. Sonneborn also paid serious attention to the writings of Jollos on 'Dauermodifikationen'. These were discussed in some detail in the 1947 review on Paramecium genetics (20). His assessment of Jollos's work was sum m ed up in the following words: 'the physical basis and mechanisms involved in so-called Dauermodifika tionen may yet be demonstrated. Until that occurs, however, alternative interpretations of cases presumed to be Dauermodifikationen will gener ally be sought by geneticists'.
Unlike most other geneticists of the time, Sonneborn felt that these were matters worthy of serious consideration. He was sympathetic to unpopular views-other peoples' as well as his own-and keen to obtain the relevant critical evidence. He himself was a meticulous experim enta list, spending long periods in the laboratory, and personally doing his own experiments with his own hands. T hough capable of imaginative flights, sometimes into regions unacceptable by the majority of his colleagues, he was attentive to the minutiae of factual detail, and to the rigour of logical analysis. In the end he often had to give up some favourite idea.
As a lecturer and teacher, Sonneborn was quite outstanding. While at Indiana University (which has adopted a procedure whereby students grade their professors in regard to teaching performance) he received several prizes and commendations for the excellence of his teaching. He took immense trouble over the preparation and presentation of his lectures. In October 1962 he wrote (L): 'I am teaching Protozoology, two hours a day, five days a week. Hard work, lots of fun and no time for anything else!' He carefully adjusted his presentation according to the m aturity and background of his students. In 1969 he started a course on 'Heredity, Evolution and Society' for non-science majors at Indiana. W hen lectur ing on the amino-acid sequences of proteins, he had large placards prepared denoting the 20 amino-acids, and arranged for the students, each wearing a placard, to organize themselves into polypeptide chainsthe whole thing being photographed and published in the local news-paper. People sometimes expressed am azem ent at the care with which he prepared his courses, to which he is said to have replied: 'I d o n 't m ind spending 40 hours a week in teaching if I can have the other 40 for research'.
In addition to his regular courses at Indiana University, Sonneborn lectured extensively at other places: he was a National Sigma Si lecturer (twice, in 1949 and 1969) ; a National Phi Beta K appa lecturer (1969), and gave courses at University College London (1955) , at Georgetown University, Santiago (Chile) (1951) ; Taiw an (1968); W arsaw (Poland) (1979) ; Princeton (1970) , and m any others.
A m ong the docum entary material used for preparation of this memoir, I have before me some notes which Sonneborn made for one of his last public lectures, delivered at Camerino, Italy, in Septem ber, 1979, before an audience of protozoologists. Although the subject m atter-on early genetics of protozoa-was completely familiar to him, and he had presented similar lectures m any times previously, he nevertheless made no fewer than four detailed drafts of this lecture. Everything was put down and properly organized, so that the final delivery could be made without the slightest hesitation, and with perfect timing.
W ith his num erous research students and associates he never spared himself, but gave endless attention to their problems. He was an exceptionally conscientious man and gave the warmest encouragement to anyone who had occasion to consult him. Over the years his Friday evening seminars at his hom e in S. Mitchell St, Bloomington, became quite famous. T here his current group of students and visitors gathered, were supplied with cans of beer and packets of potato crisps, and then treated to an informal but exceedingly critical and detailed exposition of past or present research. After such meetings Sonneborn would often return to the lab and continue working late at night.
Above all he was devoted to his chosen research, and to his chosen organism -Paramecium.T h at was his life-not the whole of it, but a very large part of it. Out of that he created a whole world of knowledge, all from a supposedly simple little organism, about which he once wrote (52): 'I know, as you cannot, how pitifully small a fraction we have learned about the complexity, variety and marvels of this " simple, primitive, stereotyped animal!'" It m ust be almost unique in biology for our knowledge of one organism to be so largely due to the enthusiasm of one scientist. T hat year, 1975, a special meeting was held at M adison, Wisconsin, at which many of his former research students and associates gathered in his honour, and presented him with a F e, which edited by his long-time assistant and co-worker, Ruth Dipped. By this time, of course, many awards and honorary degrees had been bestowed on him. These are listed separately below. W hen he was made a Foreign M em ber of the Royal Society, he wrote (L): 'Obviously I have never received so signal an honour and I treasure it imm ensely'. His last years were m arred by ill-health. In 1978 he suffered a (fortunately mild) heart attack and came out of hospital wearing a pace maker, which he carried for the remainder of his years. On 6 Novem ber 1978, however, he reported (L): 'Last week I was back to my full work schedule and everything went fine. I can do anything except running and lifting heavy weights'. On 12 February 1979 he wrote: 'M y health problems have virtually vanished and I feel wonderfully serene'. He continued energetically with his lab work on trichocysts, and made a num ber of visits at home and abroad, giving lectures, doing some work in foreign laboratories and receiving awards.
Serious deterioration occurred however during 1980 and he died of cancer of the pancreas on 26 January 1981. He will be long rem em bered with affection and admiration by his many friends.
I am very grateful to D r John Preer and M rs Ruth Sonneborn for supplying me with m uch published and unpublished material concerning Tracy, and also to D r Andrew Tait for some comm ents on the manuscript. 
